INTROUCTION
===========

Corticotropin-releasing factor (CRF), a hypothalamic neuropeptide, is known as the principal regulator of the hypothalamus-pituitary-adrenal (HPA) axis by triggering the release of adrenocorticotropic hormone from the anterior pituitary gland \[[@r1], [@r2]\]. The CRF family has recently been expanded by the addition of the following mammalian CRF-related peptides; urocortin I, II, and III \[[@r3]-[@r6]\]. Using these CRF ligands, this hormone has been shown to play an important role in the regulation of various physiological events, such as cardiovascular function, food intake, visceral pain, and gut motor function as well as mucosal defense \[[@r7]-[@r11]\].

CRF and CRF-related peptides are also involved in inflammatory responses in the intestine; however, their roles are not without controversy \[[@r12]-[@r16]\]. Kokkotou *et al*. \[[@r13]\] reported that *Clostridium difficile* toxin A-induced intestinal inflammation was inhibited in mice lacking CRF2 receptor (CRF2R) and suggested that CFR/CRF2R mediates intestinal inflammatory responses through the release of pro-inflammatory mediators. We also showed that urocortin I aggravated the intestinal ulcerogenic response to ischemia/reperfusion in a CRF2R-dependent manner \[[@r15]\]. In contrast, a peripheral injection of CRF and urocortin II reduced intestinal inflammation and motility in the mouse terminal ileum \[[@r14]\]. Kubo *et al*. \[[@r16]\] previously reported that indomethacin-induced enteropathy was prevented by urocortin I and worsened by astressin, a nonselective CRFR antagonist, suggesting the involvement of CRF in intestinal mucosal defense against nonsteroidal anti-inflammatory drugs (NSAIDs). Furthermore, the protective effects of urocortin I were shown to be mediated by the activation of CRF2R, but not CRF1R, and functionally associated with the suppression of intestinal hypermotility caused by indomethacin \[[@r16]\]. Since CRF and CRF2R were both found to be expressed in the small intestine as well as in the brain \[[@r16], [@r17]\], urocortin I may exhibit protective effects against NSAID-induced enteropathy *via* the activation of peripheral CRF2R. However, since CRF is known to activate the HPA axis \[[@r2]\] and dexamethasone inhibits indomethacin-induced enteropathy \[[@r15]\], the protective effects of urocortin I may, at least in part, be mediated by endogenous glucocorticoids released from the adrenal gland through activation of the HPA axis.

In the present study, we examined the influences of bilateral adrenalectomy and mifepristone, a glucocorticoid receptor antagonist, on indomethacin-induced enteropathy in rats in order to investigate the possible involvement of adrenal glucocorticoids in the protective effects of urocortin I.

MATERIALS AND METHODS
=====================

Animals
-------

Male Sprague-Dawley rats (200-260 g; Nippon Charles River, Shizuoka, Japan) were acclimated to standard laboratory conditions (12:12 h light-dark cycle, temperature of 22±1ºC). Experiments were performed using four to eight non-fasted animals per group in a conscious state, unless otherwise specified. All experimental procedures involving animals were approved by the Experimental Animal Research Committee of the Kyoto Pharmaceutical University.

Induction of Small Intestinal Damage by Indomethacin
----------------------------------------------------

Animals were administered indomethacin (3 and 10 mg/kg) s.c., sacrificed 24 h later under deep ether anesthesia, and the small intestines were examined for hemorrhagic lesions under a dissecting microscope according to the routine method described in previous papers \[[@r16], [@r18], [@r19]\]. Urocortin I (an CRF1R and CRF2R agonist: 2-20 µg/kg) was administered i.v. 10 min before the administration of indomethacin. NBI-27914 (a selective CRF1R antagonist: 200 µg/kg) or astressin 2B (a selective CRF2R antagonist: 60 µg/kg) was administered i.v. 10 min before the administration of urocortin I. Mifepristone (1-10 mg/kg), a glucocorticoid receptor antagonist, was also administered p.o. twice 30 min before and 6 h after the administration of indomethacin, with or without urocortin I (20 µg/kg). In some animals, dexamethasone (1 mg/kg) was administered s.c. once daily for 7 days after adrenalectomy. The doses of NBI-27914, astressin 2B, and mifepristone were selected to antagonize the pharmacological actions of CRF or glucocorticoids mediated by CRF1R, CRF2R, or the glucocorticoid receptor, respectively \[[@r15], [@r16], [@r20], [@r21]\]. A sham operation or bilateral adrenalectomy was performed one week before the experiment, according to a previously described method \[[@r20]\].

Determination of Enterobacterial Counts
---------------------------------------

Animals were sacrificed under deep diethyl ether anesthesia 6 h after the administration of indomethacin (10 mg/kg, s.c.), and the small intestines were removed. Enterobacteria were enumerated according to a modified version \[[@r16], [@r18]\] of the method originally described by Deitch *et al*. \[[@r22]\]. Urocortin I (20 µg/kg) was administered i.v. 10 min before the administration of indomethacin. A sham operation or bilateral adrenalectomy was performed one week before the experiment.

Determination of Myeloperoxidase (MPO) Activity
-----------------------------------------------

Animals were sacrificed under deep diethyl ether anesthesia 24 h after the administration of indomethacin (10 mg/kg, s.c.), the small intestines were removed, and MPO activity was measured according to a modified version \[[@r16], [@r19]\] of the method originally described by Krawisz *et al*. \[[@r23]\]. Mifepristone (10 mg/kg) was administered p.o. twice 30 min before and 6 h after the administration of indomethacin. Urocortin I (20 µg/kg) was administered i.v. 10 min before indomethacin treatment. A sham operation or bilateral adrenalectomy was performed one week before the experiment.

Determination of iNOS mRNA Expression by a Reverse Transcriptional Polymerase Chain Reaction (RT-PCR)
-----------------------------------------------------------------------------------------------------

Animals were sacrificed under deep diethyl ether anesthesia 6 h after the administration of indomethacin (3 and 10 mg/kg, s.c.), and the expression of mRNA for iNOS in the small intestinal mucosa was determined by a RT-PCR. Extraction and reverse-transcription of total RNA, and RT-PCR amplification were performed according to previous papers \[[@r16], [@r22], [@r24]\]. The sequences of the sense and antisense primers for the rat iNOS, and GAPDH, and each product size are shown in Table **[1](#T1){ref-type="table"}**. In some cases, urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin, while mifepristone (10 mg/kg) was given p.o. 30 min before indomethacin. A sham operation or bilateral adrenalectomy was performed one week before the experiment.

Determination of Mucus Secretion
--------------------------------

Animals were sacrificed under deep diethyl ether anesthesia 3 h after the administration of indomethacin (10 mg/kg, s.c.), and the small intestine was removed. The amount of mucus secreted in the small intestine was determined using periodic acid-Schiff (PAS) staining according to a previously described method \[[@r19], [@r24]\]. Urocortin I (20 µg/kg) was administered i.v. 10 min before the indomethacin treatment. A sham operation or bilateral adrenalectomy was performed one week before the experiment.

Measurement of Small Intestinal Motility
----------------------------------------

Animals with or without adrenalectomy, fasted for 18 h, were anesthetized with urethane (1.25 g/kg, i.p.), and the trachea was cannulated to facilitate respiration. Intestinal motility was measured according to a modified version \[[@r19], [@r25]\] of the method originally described by Calignano *et al*. \[[@r26]\]. Indomethacin (3 or 10 mg/kg) was administered s.c. after basal intestinal motility had stabilized, and motility was measured for 3 h thereafter. Urocortin I (20 µg/kg) was administered i.v. 2 h after the indomethacin treatment. A sham operation or bilateral adrenalectomy was performed one week before the experiment.

Preparation of Drugs
--------------------

The drugs used were indomethacin, urocortin I, NBI-27914, astressin-2B, mifepristone, dexamethasone, Evans blue (Sigma Chemicals, St. Louis, Mo.), and urethane (Tokyo Kasei, Tokyo, Japan). Indomethacin was suspended in saline with a drop of Tween 80 (Wako, Osaka, Japan). NBI-27914, astressin 2B, and mifepristone were dissolved in dimethyl sulfoxide (DMSO), while urocortin I was dissolved in 1% acetic acid, and they were further diluted with saline to the desired concentrations. All drugs were prepared immediately before use and administered s.c., p.o., or i.v. in a volume of 0.5 ml/100 g body weight or 0.1 ml/100 g body weight, respectively. Control animals received saline as the vehicle.

Statistics
----------

Data are presented as the means±SE of four to eight rats per group. Statistical analyses were performed using a two-tailed unpaired *t*-test and Dunnett's multiple comparison test, and values of P\<0.05 were considered significant.

RESULTS
=======

Effects of Urocortin I on Indomethacin-Induced Small Intestinal Lesions in Normal Rats
--------------------------------------------------------------------------------------

Indomethacin (10 mg/kg) administered s.c. to normally fed rats produced multiple hemorrhagic lesions in the small intestine within 24 h, mainly in the jejunum and ileum, with the lesion score being 267.3±40.8 mm^2^. When the animals were pretreated with urocortin I (2-20 µg/kg, i.v.), a CRF1R and CRF2R agonist, the severity of these lesions was reduced in a dose-dependent manner, and the effect was significant at 10 µg/kg or greater, with the degree of inhibition being 53.6% at 10 µg/kg and 64.3% at 20 µg/kg, respectively Fig. (**[1A](#F1){ref-type="fig"}**). The inhibitory effect of urocortin I was significantly abrogated by the prior administration of astressin 2B (60 µg/kg, i.v.), a selective CRF2R antagonist, with the lesion score being 325.4±56.5 mm^2^, which was approximately 4-fold greater than that of the group treated with indomethacin plus urocortin I Fig. (**[1B](#F1){ref-type="fig"}**). However, the selective CRF1R antagonist NBI-27914 (200 µg/kg, i.v.) had no influence on the protective effects of urocortin I on these intestinal lesions, with the lesion score being 66.8±17.6 mm^2^.

Effects of Adrenalectomy and Mifepristone on the Intestinal Ulcerogenic Response to Indomethacin
------------------------------------------------------------------------------------------------

Indomethacin administered s.c. at 3 mg/kg did not damage the small intestine, but caused multiple hemorrhagic lesions 24 h after the administration of 10 mg/kg, the with the lesion score being 236.7±21.6 mm^2^. This intestinal ulcerogenic response to indomethacin was markedly worsened by bilateral adrenalectomy; indomethacin produced severe damage even at 3 mg/kg, and the lesion score at 10 mg/kg was 446.2±44.3 mm^2^ Fig. (**[2A](#F2){ref-type="fig"}**) and Fig. (**[3A](#F3){ref-type="fig"}**). The worsening effect of adrenaletomy was reversed by the repeated administration of dexamethasone (1 mg/kg, s.c.). On the other hand, the intestinal ulcereogenic response to indomethacin (10 mg/kg, s.c.) was significantly suppressed by the prior administration of urocortin I (20 µg/kg, i.v.) in both sham-operated and adrenalectomized rats, with the degree of inhibition being 49.8% and 50.7%, respectively Fig. (**[2B](#F1){ref-type="fig"}**).

To further confirm the aggravating influence of adrenalectomy on the intestinal ulcerogenic response to indomethacin, we also examined the effects of mifepristione, a glucocorticoid receptor antagonist, on indomethacin-induced enteropathy. The pretreatment of animals with mifepristone (1-10 mg/kg, p.o.) dose-dependently worsened the severity of small intestinal lesions in response to indomethacin (10 mg/kg, s.c.), and this worsening effect was significant at 3 mg/kg or greater, with the lesion score at 10 mg/kg being 350.3±58.2 mm^2^, which was approximately 1.7-fold greater than that of control rats Figs. (**[3B](#F3){ref-type="fig"}** and **[4A](#F4){ref-type="fig"}**). The intestinal ulcerogenic response to indomethacin was significantly suppressed by the prior administration of urocortin I (20 µg/kg, i.v.) in normal and mifepristone-pretreated rats, with the degree of inhibition being 57.7% and 49.9%, respectively Fig. (**[4B](#F4){ref-type="fig"}**).

Effects of Urocortin I on Changes in MPO Activity Induced by Indomethcin in Sham-Operated and Adrenalectomized Rats
-------------------------------------------------------------------------------------------------------------------

MPO activity in the intestinal mucosa of sham-operated rats was 0.038±0.008 µmol H~2~O~2~/min/mg protein and significantly increased in response to indomethacin (10 mg/kg, s.c.), reaching 0.164±0.007 µmol H~2~O~2~/min/mg protein after 24 h Figs. (**[5](#F5){ref-type="fig"}**). This elevation in MPO activity was almost completely suppressed by the prior administration of urocortin I (20 µg/kg, i.v.), with the degree of inhibition being 69.3%. On the other hand, the increase observed in MPO activity after the administration of indomethacin was markedly enhanced in adrenalectomized rats, with the value reaching 0.680±0.114 µmol H~2~O~2~/min/mg protein 24 h later. The prior administration of urocortin I significantly suppressed the increase in MPO activity in adrenalectomized rats, with the degree of inhibition being 63.6%. The increase in MPO responses to indomethacin was also observed in rats pretreated with mifepristone (10 mg/kg, p.o.), and urocortin I similarly decreased the increase in MPO activity in both normal and mifepristone-pretreated rats (data not shown).

Effects of Urocortin I on Enterobacterial Invasion Caused by Indomethacin in Sham-Operated and Adrenalectomized Rats
--------------------------------------------------------------------------------------------------------------------

Aerobic and anaerobic bacterial counts in the intestinal mucosa of sham-operated rats were 5.40±0.42 log CFU/g tissue and 5.82±0.35 log CFU/g tissue, respectively. Following the administration of indomethacin (10 mg/kg, s.c.), bacterial counts under both aerobic and anaerobic conditions were markedly increased and reached 7.52±0.42 log CFU/g tissue and 7.67±0.34 log CFU/g tissue, respectively Table **[2](#T2){ref-type="table"}**. The pretreatment of animals with urocortin I (20 µg/kg, i.v.) significantly prevented bacterial invasion in the mucosa following the administration of indomethacin to sham-operated rats. On the other hand, bacterial counts in the small intestine of adrenalectomized rats were not significantly different from those in sham-operated rats, and increased markedly in response to indomethacin. Furthermore, enhanced bacterial invasion in adrenalectomized rats following the indomethacin treatment was significantly suppressed by the pretreatment of these animals with urocortin I, with the degree of inhibition being equivalent to that observed in sham-operated rats.

Effects of Urocortin I on Mucosal Expression of iNOS mRNA Following the Indomethacin Treatment Under Various Conditions
-----------------------------------------------------------------------------------------------------------------------

The expression of iNOS mRNA was hardly detected in the intestinal mucosa of normal or sham-operated rats. In a sham-operated rat, this expression was markedly up-regulated in the intestinal mucosa 6 h after the administration of indomethacin (10 mg/kg, s.c.), and this response was suppressed by the prior administration of urocortin I (20 µg/kg, i.v.) Fig. (**[6A](#F6){ref-type="fig"}**). Indomethacin also clearly up-regulated the expression of iNOS mRNA in an adrenalectomized rat, and this up-regulation was suppressed by the pretreatment with urocortin I. The up-regulated expression of iNOS following the indomethacin treatment (10 mg/kg, s.c.) was not markedly affected by adrenalectomy. The same results were obtained in rats pretreated with mifepristone; indomethacin up-regulated the expression of iNOS 6 h after its administration, and this expression was markedly suppressed by the prior administration of urocortin I Figs. (**[6B](#F6){ref-type="fig"}**). On the other hand, a low dose of indomethacin (3 mg/kg, s.c.) up-regulated the expression of iNOS in the intestinal mucosa of adrenalectomized rats, whereas this treatment did not up-regulate the expression of iNOS in sham-operated rats Figs. (**[7](#F7){ref-type="fig"}**).

Effects of Urocortin I on the Intestinal Hypermotility Response to Indomethacin in Sham-Operated and Adrenalectomized Rats
--------------------------------------------------------------------------------------------------------------------------

Animals were administered saline or indomethacin (10 mg/kg, s.c.) and killed 6 h later. Urocortin I (20 µg/kg, i.v.) was given 10 min before the administration of indomethacin. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Data are presented as the mean±SE of 5-6 rats. Significant difference at P\<0.05; a) from vehicle in Sham, b) from indomethacin in Sham, c) from vehicle in ADX, d) from indomethacin in ADX.

Indomethacin (10 mg/kg, s.c.) produced a marked increase in small intestinal motility from approximately 20 min after its administration to sham-operated rats Fig. (**[8A](#F8){ref-type="fig"}**). An i.v. injection of urocortin I (20 µg/kg) suppressed intestinal hypermotility in response to indomethacin, resulting in fluctuations at baseline, which were difficult to characterize as contraction spikes Fig. (**[8B](#F8){ref-type="fig"}**). As shown in Fig. (**[8C](#F8){ref-type="fig"}**), indomethacin markedly enhanced intestinal motility in adrenalectomized rats even at 3 mg/kg, a dose that did not produce any damage in sham-operated rats \[see Fig. (**[2A](#F2){ref-type="fig"}**). This hypermotility response to a low dose of indomethacin (3 mg/kg, s.c.) in adrenalectomized rats was effectively suppressed by urocortin I Fig. (**[8D](#F8){ref-type="fig"}**).

Effects of Urocortin I on Changes in PAS-positive Substances Induced by Indomethacin in Sham-Operated and Adrenalectomized Rats
-------------------------------------------------------------------------------------------------------------------------------

In the intestinal mucosa of sham-operated rats, PAS-positive materials were observed in surface epithelial cells and the lamina propria along the intestinal gland Fig. (**[9A](#F9){ref-type="fig"}**). In sham-operated rats, indomethacin (10 mg/kg, s.c.) markedly reduced PAS-positive materials in the intestinal mucosa, particularly in surface epithelial cells, reaching approximately 1/3 of that in the vehicle-treated group Table **[3](#T3){ref-type="table"}** and Fig. (**[9B](#F9){ref-type="fig"}**). The decrease in PAS-positive materials by indomethacin was significantly restored by the pretreatment with urocortin I (20 µg/kg, i.v.) Fig. (**[9C](#F9){ref-type="fig"}**). Bilateral adrenalectomy by itself led to slightly less PAS-positive materials than that in sham-operated rats Table **[2](#T2){ref-type="table"}** and ig. (**[9D](#F9){ref-type="fig"}**). Indomethacin markedly decreased PAS-positive materials in the intestinal mucosa of adrenalectomized rats, and this response was significantly reverted by the prior administration of urocortin I Figs. (**[9E](#F9){ref-type="fig"}** and **[9F](#F9){ref-type="fig"}**).

DISCUSSION
==========

NSAID-induced enteropathy has recently been attracting attention due to the development of capsule endoscopy and double-balloon endoscopy \[[@r27]-[@r29]\]. These techniques have enabled the identification of previously undetectable lesions in the human small intestine and demonstrated that such

lesions are more common than originally considered. The occurrence of these lesions has been causally related to various functional alterations induced by the inhibition of cyclooxygenase, such as intestinal hypermotility, decreased mucus secretion, and enterobacterial invasion, followed by a series of inflammatory responses, including iNOS expression and neutrophil migration \[[@r24], [@r30]-[@r34]\]. We recently reported that indomethacin-induced enteropathy was prevented by urocortin I, a CRF-related peptide, and aggravated by astressin, a CRFR antagonist, suggesting the involvement of endogenous CRF in intestinal mucosal defense against NSAIDs \[[@r16]\]. However, the protective effects of urocortin I may, at least partly, be accounted for by endogenous glucocorticoids released from the adrenal glands because this peptide may activate the adrenal glands through a peripheral effect and dexamethasone was shown to inhibit indomethacin-iduced intestinal lesions \[[@r18]\].

The results of the present study were consistent with the previous findings in which urocortin I showed protective effects against indomethacin-induced enteropathy, and these effects were mitigated by astressin 2B, a selective CRF2R antagonist, but not NBI-27914, a selective CRF1R antagonist \[[@r16]\]. Moreover, these intestinal lesions were significantly aggravated by astressin 2B alone, suggesting the role of endogenous CRF/CRF2R in mucosal defense against NSAIDs \[[@r16]\]. Since CRF and CRF2R were both found to be expressed in the rat small intestine \[[@r16], [@r17]\], urocortin I may act peripherally to prevent intestinal lesions. Indeed, previous studies reported that CRF and CRF-related peptides given peripherally effectively suppressed inflammatory responses in the gastrointestinal mucosa \[[@r12], [@r14]\]. This protection may be partly attributed to glucocorticoids released from the adrenal glands. This idea was supported by the present results in which indomethacin-induced enteropathy

A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Animals were administered indomethacin (10 mg/kg) s.c. and killed 3 h later. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin. Data are expressed as a % of the amount of Vehicle of sham-operated rats and represented the means±SE of 5-6 rats. Significant difference at P\<0.05: a) from vehicle in sham; b) from indomethacin in sham; c) from vehicle in ADX; d) from vehicle indomethacin in ADX.

was markedly aggravated by the glucocorticoiud deficiency produced by bilateral adrenalectomy as well as the mifepristone pretreatment, a glucocorticoid receptor antagonist. We previously demonstrated that indomethacin-induced gastric damage was aggravated in adrenalectomized rats, and the dose required to produce lesions was decreased in these rats \[[@r20]\]. The present study also showed that indomethacin provoked severe damage in the small intestine of adrenalectomzied rats, even at 3 mg/kg, a dose that did not damage the intestinal mucosa of sham-operated animals. Filaretova *et al*. \[[@r21]\] also reported that adrenalectomy aggravated indomethacin-induced gastric lesions with a marked decrease in plasma corticosterone levels. This aggravation was prevented by corticosterone replacement, suggesting that a glucocorticoid deficiency is the main reason for the aggravation of indomethacin-induced gastropathy in adrenalectomized rats \[[@r20], [@r35]\]. These findings suggest that endogenous glucocorticoids derived from the adrenal glands contribute to mucosal defense against NSAID-induced gastrointestinal damage. However, we demonstrated that urocortin I significantly attenuated the aggravation of intestinal ulcerogenic and MPO responses to indomethacin in rats subjected to bilateral adrenalectomy or the mifepristone pretreatment, and the extent of its effects was almost equivalent to those observed in sham-operated or normal rats. Thus, it is assumed that urocortin I exhibited protective effects against NSAID-induced enteropathy independent of adrenal glucocorticoids.

Intestinal hypercontraction has been identified as an important pathogenic mechanism of NSAID-induced enteropathy \[[@r25], [@r34]\]. This hypermotility, together with decreased mucus secretion, led to epithelial barrier dysfunction through vigorous mixing with food residue in the lumen. Since the epithelial barrier plays an important part in innate host defense against intestinal pathogens and irritants, it is possible that enhanced intestinal contraction may have accelerated enterobacterial invasion and up-regulated the expression of iNOS in the intestinal mucosa \[[@r32], [@r34]\]. In the present study, we found that adrenalectomy markedly enhanced the intestinal hypermotility response to indomethacin; this agent even at 3 mg/kg caused the hypermotility in adrenalectomized rats but not normal rats. Although the mechanism by which adrenalectomy increased the sensitivity of the intestinal motility response to indomethacin currently remains unknown, this event appears to be an important mechanism for the aggravation of NSAID-induced enteropathy by adrenalectomy. Similar hypermotility responses were reported in the stomach in association with the aggravation of indomethacin-induced gastric lesions in adrenalectomized rats \[[@r19]\].

Taché *et al*. \[[@r10]\] first reported that CRF and its related peptides, such as urocortin I & II, inhibited the gastric emptying of solid food. The same group also showed that stress-induced gastric stasis was reversed by a central or peripheral pretreatment with non-selective or selective CRF2R antagonists \[[@r7]-[@r10], [@r36]\]. We also reported that urocortin I inhibited intestinal hypermotility caused by indomethacin, and this effect was antagonized by the co-administration of astressin 2B, but not NBI-27914, suggesting the involvement of CRF2R in the inhibitory effects of CRF on small intestinal motility \[[@r16]\]. However, CRF and its related peptides reportedly stimulated colonic motility mainly through the activation of CRF1R \[[@r36], [@r37]\]. It is assumed that CRF inhibits gastric and small intestinal motility mediated by the activation of CRF2R, but stimulates colonic motility through CRF1R.

As expected, urocortin I significantly suppressed the intestinal hypermotility response to indomethacin in sham-operated and adrenalectomized rats. The present study also showed that indomethacin decreased PAS-positive materials, as an indicator of mucus secretion, in sham-operated and adrenalectomized rats, and these changes were similarly reverted by the urocortin I treatment. We previously reported that urocortin I prevented the mucosal invasion of enterobacteria as well as the up-regulation of iNOS expression, and these effects were abrogated by a pretreatment with astressin 2B, but not NBI-27914 \[[@r16]\]. In the present study, adrenalectomy or the mifepristone pretreatment slightly enhanced the up-regulation of iNOS expression following the indomethacin treatment; however, these responses were potently suppressed by urocortin I, similar to that observed in sham-operated/normal rats. The administration of indomethacin, even at 3 mg/kg, to adrenalectomized rats caused intestinal hypermotility, up-regulated the expression of iNOS, and provoked damage in the small intestine, supporting a causal relationship between intestinal hypermotility, iNOS expression, and intestinal damage. Thus, it is reasonable to assume that urocortin I, by inhibiting intestinal hypermotility, prevented not only the occurrence of enteropathy, but also the accompanying inflammatory changes such as increases in iNOS expression and MPO activity.

Kokkotou *et al*. \[[@r13]\] reported that the severity of intestinal inflammation in CRF2R-knockout mice was reduced following luminal exposure to *Clostridium difficile* toxin A, and this effect was mimicked by a pretreatment with astressin 2B, suggesting the mediation of inflammatory responses by CRF/CRF2R. We also recently reported that urocortin I aggravated the intestinal ulcerogenic response to ischemia/reperfusion in an astressin 2B-inhibitable manner \[[@r15]\]. CRF may worsen tissue injury *via* CRF2R if motility does not play any role in the pathogenic mechanism. Because intestinal hypermotility plays a critical role in the pathogenesis of indomethacin-induced intestinal lesions, CRF may prevent these lesions by inhibiting the hypermotility response.

In conclusion, the results of the present study confirmed that urocortin I, a CRF-related peptide, afforded a protective influence on the development of indomethacin-induced enteropathy, and this action may be mediated by the activation of peripheral CRF2R and functionally associated with the suppression of intestinal hypermotility caused by indomethacin. The intestinal ulcerogenic response was worsened by adrenalectomy or the pretreatment with mifepristone, suggesting that endogenous glucocorticoids play a role in the maintenance of intestinal mucosal integrity under adverse conditions such as a NSAID treatment. Since urocortin I prevented NSAID-induced enteropathy in glucocorticoid-deficient rats, similar to normal animals, it may have exhibited such protective effects without the involvement of endogenous glucocorticoids released from the adrenal glands. Furthermore, the present study strongly suggested that a glucocorticoid deficiency enhanced the intestinal hypermotility response to indomethacin, an important functional event underlying the aggravation of intestinal damage by adrenalectomy.
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![Effects of Urocortin I on indomethacin-induced small intestinal lesions in rats in the absence **(A)** or presence **(B)** of CRFR antagonists. Animals were administered indomethacin (10 mg/kg, s.c.) and killed 24 h later. Urocortin I (2, 10, and 20 µg/kg) was given i.v. 10 min before the administration of indomethacin. NBI-27914 (a CRF1R antagonist; 200 µg/kg) or astressin 2B (a CRF2R antagonist; 60 µg/kg) was given i.v. 10 min before the administration of urocortin I. Data are presented as the means±SE of 5-6 rats. Significant difference at P\<0.05; ∗ from control; \# from vehicle.](CN-14-866_F1){#F1}

![Influence of adrenalectomy on the intestinal ulcerogenic response induced by indomethacin in rats **(A)** and effects of urocortin I on indomethacin-induced intestinal lesions in sham-operated (Sham) or adrenalectomized (ADX) rats **(B)**. A sham operation or bilateral adrenalectomy was performed one week before the experiment. Animals were administered indomethacin (1-10 mg/kg) s.c. and killed 24 h later. In some animals, dexamethasone (1 mg/kg) was given s.c. once daily for 7 days after adrenalectomy. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin (10 mg/kg). Data are presented as the means±SE of 5-8 rats. Significant difference at P\<0.05; **A:** ∗ from Sham at the corresponding dose; & from ADX (10 mg/kg) alone; **B:** \# from vehicle in Sham or ADX; \$ from vehicle in Sham.](CN-14-866_F2){#F2}

![Gross appearance of indomethacin-induced small intestinal lesions in sham-operated (Sham) or adrenalectomized (ADX) rats **(A)** and vehicle or mifepristone-treated rats **(B)**. Animals were administered indomethacin (10 mg/kg) s.c. and killed 24 h later. A sham operation or bilateral adrenalectomy was performed one week before the experiment. Mifepristone (10 mg/kg) was given twice 30 min before and 6 h after the administration of indomethacin. Note that the intestinal ulcerogenic response to indomethacin was markedly aggravated in rats subjected to bilateral adrenalectomy or the mifepristone pretreatment.](CN-14-866_F3){#F3}

![Influence of mifepristone on the intestinal ulcerogenic response induced by indomethacin in rats **(A)** and effects of urocortin I on indomethacin-induced intestinal lesions in normal or mifepristone-pretreated rats **(B)**. Animals were administered indomethacin (10 mg/kg) s.c. and killed 24 h later. Mifepristone (10 mg/kg) was given p.o. twice 30 min before and 6 h after the administration of indomethacin. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin. Data are presented as the means±SE of 5-6 rats (A) and 4-6 rats (B), respectively. Significant difference at P\<0.05; **A:** ∗ from vehicle; **B:** \$ from vehicle in normal; \# from vehicle in Mifepristone.](CN-14-866_F4){#F4}

![Effects of indomethacin on MPO activity in the small intestine of sham- operated (Sham) or adrenalectomized (ADX) rats with or without the urocortin I pretreatment. A sham-operation or bilateral adrenalectomy was performed one week before the experiment. Animals were administered indomethacin (10 mg/kg) s.c. and killed 24 h later. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin. Data are presented as the means±SE of 5-6 rats. Significant difference at P\<0.05: ∗ from control in sham; \# from vehicle in sham; & from control in ADX; \$ from vehicle in ADX.](CN-14-866_F5){#F5}

![Effects of urocortin I on the expression of iNOS mRNA in the small intestine of adrenalectomized rats **(A)** or mifepristone-treated rats **(B)**. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Animals were administered indomethacin (10 mg/kg) s.c. and killed 6 h later to examine the expression of iNOS mRNA by RT-PCR. Mifepristine (10 mg/kg) was administered p.o. 30 min before the administration of indomethacin. Urocortin I (20 µg/kg) was given i.v. 10 min before indomethacin. Note that indomethacin up-regulated the expression of iNOS in the small intestine of sham-operated, adrenalectomized, and mifepristine-treated rats, whereas these responses all appeared to be mitigated by the prior administration of urocortin I.](CN-14-866_F6){#F6}

![The up-regulation of iNOS expression induced by indomethacin at 3 mg/kg in adrenalectomized rats. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Animals were administered indomethacin (3 mg/kg) s.c. and killed 6 h later to examine the expression of iNOS mRNA by RT-PCR.](CN-14-866_F7){#F7}

![Representative recordings showing the effects of urocortin I on intestinal hypermotility induced by indomethacin in sham-operated or adrenalectomized rats. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. After basal motility had stabilized, animals were given indomethacin (3 or 10 mg/kg) s.c. and motility was measured for 4 h thereafter. Urocortin I (20 µg/kg) was given i.v. 2 h after the administration of indomethacin. Figures show: **(A)** indomethacin (10 mg/kg) + saline in Sham; **(B)** indomethacin (10 mg/kg) + urocortin I in Sham; **(C)** indomethacin (3 mg/kg) + saline in ADX; **(D)** indomethacin (3 mg/kg) + urocortin I in ADX. Note that indomethacin, even at 3 mg/kg, induced intestinal hypermotility in adrenalectomized rats, and urocortin I appeared to suppress the intestinal hypermotility response to indomethacin in both sham-operated and adrenalectomized rats.](CN-14-866_F8){#F8}

![Histology of the small intestinal mucosa showing changes in PAS staining in sham-operated or adrenalectomized rats with or without the urocortin I pretreatment. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Animals were administered indomethacin (10 mg/kg) s.c. and killed 3 h later. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin. Figures show; **A**: saline in Sham; **B**: saline in ADX; **C**: indomethacin in Sham; **D**: indomethacin in ADX; **E**: indomethacin+urocortin I in Sham: urocortin I; **F**: indomethacin+urocortin I in ADX. Note that the staining of PAS-positive materials was decreased by indomethacin in sham-operated and adrenalectomied rats, and these changes appeared to be restored by the pretreatment with urocortin I.](CN-14-866_F9){#F9}

###### Sequences of sense and antisense primers for rat iNOS and GAPDH.

  ---------------------------------------------------------------------------
  **Gene**                **Sequences**                     **PCR Product**
  ----------------------- --------------------------------- -----------------
  INOS-Sense Antisense    5'-CGGTTCACAGTCTTGGTGAAAG-3'\     780 bp
                          5'-CAGGTGTTCCCCAGGTAGGTAG-3'      

  GAPDH-Sense Antisense   5'-GAACGGGAAGCTCACTGGCATGGC-3'\   311 bp
                          5'-TGAGGTCCACCACCCTGTTGCTG-3'     
  ---------------------------------------------------------------------------

###### Effects of urocortin I on enterobacterial invasion in the intestinal mucosa induced by indomethacin in sham-operated or adrenalectomized rats.

  --------------------------------------------------------------------------------------------------------------------
  **Treatment**                              **N**   **Enterobacterial Count (Log CFU/g Tissue)**   
  ------------------------------------------ ------- ---------------------------------------------- ------------------
  Sham-Operated Rats (Sham)\                 5\      5.40 ± 0.42\                                   5.82 ± 0.35\
     Vehicle\                                6\      7.52 ± 0.42 ^a^\                               7.67 ± 0.34 ^a^\
     Indomethacin (10 mg/kg)\                6       6.09 ± 0.15 ^b^                                7.04 ± 0.13 ^b^
     Indomethacin + Urocortin I (20 µg/kg)                                                          

  Adrenalectomized Rats (ADX)\               6\      5.71 ± 0.83\                                   6.48 ± 0.62\
     Vehicle\                                6\      8.48 ± 0.21 ^c^\                               8.84 ± 0.23 ^c^\
     Indomethacin (10 mg/kg)\                6       6.64 ± 0.41 ^d^                                7.42 ± 0.05 ^d^
     Indomethacin + Urocortin I (20 µg/kg)                                                          
  --------------------------------------------------------------------------------------------------------------------

Animals were administered saline or indomethacin (10 mg/kg, s.c.) and killed 6 h later. Urocortin I (20 ug/kg, i.v.) was given 10 min before the administration of indomethacin. A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Data are presented as the mean±SE of 5-6 rats. Significant difference at P\<0.05; a) from vehicle in Sham, b) from indomethacin in Sham, c) from vehicle in ADX, d) from indomethacin in ADX.

###### Effects of urocortin I on changes in PAS-positive substances induced in the small intestine by indomethacin in sham-operated or adrenalectomized rats.

  ---------------------------------------------------------------------------------------------
  **Treatment**                              **N**   **PAS-Positive Materials (% from Sham)**
  ------------------------------------------ ------- ------------------------------------------
  Sham-Operated Rats (Sham)\                 5\      100 ± 18.9\
     Vehicle\                                5\      33.8 ± 5.80 ^a^\
     Indomethacin (10 mg/kg)\                5       60.4 ± 13.6 ^b^
     Indomethacin + Urocortin I (20 µg/kg)           

  Adrenalectomized Rats (ADX)\               4\      83.4 ± 22.3\
     Vehicle\                                5\      23.7 ± 9.10 ^c^\
     Indomethacin (10 mg/kg)\                4       61.2 ± 12.0 ^d^
     Indomethacin + Urocortin I (20 µg/kg)           
  ---------------------------------------------------------------------------------------------

A sham operation (Sham) or bilateral adrenalectomy (ADX) was performed one week before the experiment. Animals were administered indomethacin (10 mg/kg) s.c. and killed 3 h later. Urocortin I (20 µg/kg) was given i.v. 10 min before the administration of indomethacin. Data are expressed as a % of the amount of Vehicle of sham-operated rats and represented the means±SE of 5-6 rats. Significant difference at P\<0.05: a) from vehicle in sham; b) from indomethacin in sham; c) from vehicle in ADX; d) from vehicle indomethacin in ADX.
